The 3D reconstruction of the vessels from two monoplane angiographic views is used to build patient-specific vessel model. For this study, the data was acquired from seven patients suffering from ischemic diseases. The results were validated in comparison with the vessel lengths computed with the dedicated software installed on the angiograph. Also, a blood flow simulator based on feedback control loop was designed and tested.
Introduction
The detection of vascular abnormal structures is becoming more frequent in clinics because of the stressful way of living, aging of population and eating habits.
A lot of human and material resources are employed in order to eliminate or diminish the pain and still the diagnosis and treatment are not accurate because they lack the hemodynamic measures.
Therefore, the interest in improving the vascular diseases diagnosis and treatment is very high. The most recent techniques, devices and algorithms are helping the medical staff develop better medical imaging acquisition and processing.
Nowadays with the growing of the industry of super-computers, the simulation based on computation fluid dynamics is used more frequently in recreating the physiological conditions of blood flow. Still, due to complex modelling of fluid structure interactions, it is a time-consuming technique.
The most important parameters for identifying the cardiovascular diseases are the blood flow disorders correlated with changes in morphology. The in vivo measurements for some arteries with large diameter are possible with a catheter on whose tip a flow transducer is installed.
Still, the construction of a platform for focussing on the different blood flow patterns throughout the vascular structures will be welcomed in the present context.
The above-mentioned device has the advantage of particularizing a certain vessel which can be normal or abnormal, such as the ones affected by aneurism or stenosis. It can be used in case that computational simulation is not effective.
The main problem will be the reproduction of the whole vascular structure which could take on the real properties of the vessels, such as elasticity, morphology and the whole physiological fluid dynamics function.
The building of the so-called, patient-specific vascular anatomic model is based on a real image set collected from the patient. A prototype can be further created by means of the 3D printers.
Nevertheless, the process of creating the 3D vascular model from medical images as an accurate 3D printing is a challenging work as it is revealed and explained in detail in (Ioniță et al., 2014) . The authors have used a 3D printer based on polyjet technique with a resolution of 16 micron to print complex vasculature using standard and flexible materials.
Wächter (2009) proposes a platform to simulate the blood circulation through cerebral arteries, especially for the Willis circle region, in order to validate an algorithm for hemodynamic parameters estimation. This equipment doesn't include a control algorithm; it is simply meant to reproduce a pulsatile flow manually, by means of a continuous pump and a cylinder which modifies the flow depending on the cross sectional area of the main tubing. For the vessel phantom the author generated the model from the 3D reconstruction of blood vessels from rotational C-arm angiograph. A specialised company printed the 3D model using a bio-material.
In (Mechoor et al., 2016 ) the bench top test setup is a programmable pulsatile pump, suitable for reproducing physiologically realistic blood pressure and flow for analyzing the fluid mechanics of the circulatory system. Based on the experiments which have been carried out, it accurately reproduces localized physiological flow waveforms for abdominal aorta under exercise. The total cost of the prototype is more than 1000 euro.
In (Drost et al., 2018) a programmable pulsatile pump system was built using Arduino microcontroller to implement a feed forward signal computed in Matlab®. It can reproduce a localized flow waveform. The total cost of the system excluding the sensor is 350 euro.
The papers (Mechoor et al., 2016 , Drost et al., 2018 didn't use a pacient-specific vessel prototype for testing.
In the current study, the process of creating the 3D model based on coronary angiogram images is proposed with a view to building a low cost experimental platform for studying the blood flows.
The monoplane angiography is the gold standard for diagnosing the vascular diseases due to its good spatial resolution. However, for the 3D vessel reconstruction the rotational angiography or the Computed Tomography is generally preferred (Wächter, 2009; Ioniță et al., 2014) due to higher accuracy to represent the real vessel morphology.
In this paper the 3D model of the vessel is obtained from the monoplane angiography which is a more approximative approach. The most important 3D reconstruction parameters are optimised and the algorithm validation is presented.
The main limitation of the study is that 3D model was not printed due to the high quality requirements from the 3D printer in terms of resolution and flexible material.
The proposed platform for simulating the arterial blood flow circulation includes a feedback control loop and it consists in an Arduino microcontroller, a reservoir filled with saline water, the pump which delivers the desired flow waveform, a silicone tubular vessel phantom and the inline liquid flow meter.
The objective of this research is to develop a simple to implement and powerful enough architecture that can reproduce the arterial blood flow patterns with a total cost around 100 euro.
The vessel simulator can be used for medical device testing and physiological or functional evaluations as well as in case the computational simulations are not effective or sufficiently descriptive.
The paper is organised as following: in the section 2 there are described the data characteristics, the methods used for 3D reconstruction and the experimental platform construction, in the section 3 the results are presented and in section 4 the conclusions are drawn.
Materials and Methods

Data from the patients
The patients investigated in this study were suffering from ischemic diseases, with different degrees of myocardial ischemia.
The X-ray angiography is an invasive medical procedure which involves the insertion of a catheter into the femoral or radial artery which is guided to the heart vessels.
The C-arm angiographic system consists of a detector and an X-ray source. The C-arm system is designed to rotate around the patient on two axes, one from patient's right arm to the left arm (primary angle) and another one from cranium to the caudal area (secondary angle). The image data characteristics can be noticed in the Table 1 (Tache, 2015) . 
Centerline detection
This is an essential step in the 3D vessel reconstruction because it preserves its curvilinear shape and its length.
The most important methods for accomplishing this operation are: the ridge detectors based on level set theory, morphological skeleton, contour pruning, fast matching and geometrical model based methods, region growing methods (Morar et al 2017b), filtering-based methods and vessels' tracking.
A simple graphical implementation is the manual selection of the intermediary pixels of the vessel centerline.
A graphical user interface developed in Matlab® enabled the user to select pixels on the medical image. The cubic spline function is used to interpolate these points and the output is plotted on the original image.
Mathematical Modeling of the 3D Reconstruction
The 3D reconstruction was intensively investigated ten years ago, simultaneously with the development of the digital medical imaging.
There are many methods presented in the scientific literature for solving this problem, each one dedicated to a specific angiograph type, such as: the monoplane system (Shechter, 2004) The projection matrix (P) defined as the 3D point mapping into the image points is computed as in eq. (1):
is the camera intrinsic parameters' matrix, 3 3 x p R R ∈ is the rotational matrix and 3 t R ∈ is the translation vector.
The 3D projection of the spatial point expressed in homogenous coordinates 
p is considered to be:
Epipolar geometry also known as the geometry of stereo vision introduces the mathematical relations for the case when two cameras situated into different spatial locations view the same 3D scene. There is a 3D point on the vessel which has two 2D corresponding points projected into two angiographic views. The whole algorithm of finding the 3D points of the vessel centerline knowing the 2D corresponding points on two different image perspectives is described in (Tache, 2017 ).
An overview of the algorithm steps is: 
Optimization of the Key Reconstruction Parameters
Most of the 3D reconstruction parameters can be found among the metadata of the Dicom files of the image set. Still, there are errors due to the patient motion during the angiographic clinical investigation or because of the uncalibrated image acquisition. the given 2D vessel points into both images and the corresponding back projection points of the 3D reconstructed centerline pixels on those images. This is also known as the reconstruction error or the point transfer error, which it includes an additive operation on the spatial point thorough a translation vector describing the patient motion ( t m  ):
where P 1 and P 2 are the projection matrixes for both images.
c. The Levenberg -Marquant algorithm is used to compute the non-linear least square problem (Stefanoiu et al. 2014 ) generated by the cost function minimisation.
d. The 3D reconstruction algorithm is applied for the new values of the 11 optimised parameters computed in the previous step.
Building the blood vessel platform
The vessel simulator is built based on the closed loop principle shown in Fig. 1 .
The elements from An important step is setting the reference signal which is, in fact, the desired flow pattern and then the control algorithm for keeping the former throughout the functional cycle.
The numerical control signal is sent to the pump which, in response delivers the liquid with a certain flow into the vessel phantom equipped with a flow meter on its terminal.
Results
3D Reconstruction of vessel segment
In order to exemplify the improvement brought by the 3D reconstruction optimisation step in the following, the 3D reconstruction of the left main coronary artery from a normal patient is presented below.
This example is provided to test the efficiency of the reconstruction algorithm when the correspondences between the points were settled with fewer matching errors, since both images appertain to the same cardiac cycle phase and a reference object (the catheter tip) was provided.
The Matlab® graphical user interface was used to implement the algorithm.
The corresponding points from the artery centerline were more easily tagged into different projection views, because it included the catheter tip where the contrast agent was injected.
Also, this vessel has fewer motions during the cardiac cycle and the selected images for the reconstruction were taken from the late diastole phase.
The imagistic expert selected some intermediate points of the centerline and its final coordinates were obtained based on the mathematical modelling of the segment through a cubic spline with a resolution of 100 fractions.
The reconstruction error is the image distance between the 2D points given by the user on the images and the 2D coordinates from the back projection of the spatial centerline points into those images. An optimisation algorithm was used in order to minimise this error.
There are also reconstruction parameters for each projection view such as, the distance between the source and detector and the distance between the source and isocenter -initialised with the distance from source to patient. All these parameters can adjust the magnification factor of the vessel on an image and the alpha (primary) and beta (secondary) angles. Some other general parameters are: the coordinates of the image plane center and the motion translation vector with the coordinates [mx, my, mz].
The optimisation is done by varying all three components of the motion vector. The results are shown in Table 2 . The user centerline selection is represented in green, the back projection for the initial reconstruction in white and the optimisation step in red.
The errors for the optimisation of all three coordinates of the vector describing the table motion on which the patient sits are lower than the initial reconstruction error without optimization (a mean of 1.8 mm from the Table 3 ). According to medical literature, the length of the left main coronary artery is between 10 to 26 mm. After the optimisation step, the vessel lengths were determined, as 24.4 mm for the first projection, 27 mm for the second one and 26 mm after the 3D reconstruction.
Only the 2D length from the second projection 2 overrode this range.
The algorithm sensitivity to a good matching of the 2D points of the vessel into both projections is therefore confirmed.
The algorithm was also tested for other six patients collected from the clinic. The data was previously analysed be means of a dedicated software installed on the angiographic equipment also known as the quantitative X-ray angiography software and the vessel segment was measured. The physician tagged the end points of the vessel on the image series. The algorithm used the epipolar geometry to detect the corresponding points of the vessel into the second view. The computed vessels' lengths were considered as ground truth data.
For each image set, the physician has tagged a certain vessel of interest, such as RCA -right coronary artery, LAD (left coronary artery), From the Table 4 it seems that for patient 1 RCA, patient 2, patient 3, patient 4 and patient 6 LAD the algorithm tends to overestimate the ground truth by a mean difference of 0.498 cm between the vessels' lengths and for the rest tends to underestimate by a mean value of -0.29 cm.
The vessel length differences can be associated with the mismatching of the vessel points into the images.
Blood vessel simulator
The developed platform (Fig. 2) is an embedded mobile platform, where a microcontroller is controlling the dynamics of a pump via data stored locally on an SD card. The inline flow meter is a switch with Hall Effect. It counts the frequency of the switch (F) and the flow is computed as Q = F /43 where Q is measured in liters / min. One liter has 5880 output pulses. pumps is that they are simple and cheap, as well as robust with regard to the density of the liquid used. Thus, the use of a viscous, blood like liquid will not affect its functioning.
The pump is controlled by a converter; hence the response time is important. A transit time of under 50 milliseconds was achieved.
The pump is not affected by the fluid temperature variation (15-35 ºC) and it can be used as a medical platform due to its small flow rates domain.
For the experiment, the vessel phantom is represented by a silicone tubing of 1.5 mm interior diameter coupled with another one with 2 mm as it can seen in Fig. 2 .
The flow meter has a measuring range between 0.3-6 l/min which makes it suitable for measuring the aorta blood flow and not for the medium arteries or arterioles which have flow rates lower than 300 ml/min. A Buck DC/DC converter is attached in order to better control the power of the pump.
The Atmega microcontroller (through an Arduino development board) sends a Pulse Width Modulation signal to the DC/DC converter with a frequency of 65 KHz.
A numerical proportional regulator was implemented in the Arduino platform to adapt the duty cycle according to the flow reference stored as a vector. The regulator has to deal with the delay generated by the travelling of the fluid through the long pipes of the system.
The system is meant to represent a periodic regime that simulates the blood flow dynamics. 
Conclusion
The paper presents an algorithm for 3D reconstruction from two projection views of a vessel centerline by adding the parameter optimisation through minimisation of the 3D reconstruction error.
A detailed validation with the ground truth data acquired from the quantitative X-ray angiography software is given.
Furthermore, an experimental platform for studying the blood flow was designed.
The scope of the research was to present a technical solution which can be easily reproduced with very low costs.
The platform can be used for the evaluation of the blood flow patterns and for medical education.
Further work will include the improvement of the control algorithm by an adaptive robust control , to better mimic the real coronary artery flow waveforms and to print the 3D model with flexible material.
